The architecture of higher-order chromatin in eukaryotic cell nuclei is largely unknown. Here, we use electron microscopy-assisted nucleosome interaction capture (EMANIC) cross-linking experiments in combination with mesoscale chromatin modeling of 96-nucleosome arrays to investigate the internal organization of condensed chromatin in interphase cell nuclei and metaphase chromosomes at nucleosomal resolution. The combined data suggest a novel hierarchical looping model for chromatin higher-order folding, similar to rope flaking used in mountain climbing and rappelling. Not only does such packing help to avoid tangling and self-crossing, it also facilitates rope unraveling. Hierarchical looping is characterized by an increased frequency of higher-order internucleosome contacts for metaphase chromosomes compared with chromatin fibers in vitro and interphase chromatin, with preservation of a dominant two-start zigzag organization associated with the 30-nm fiber. Moreover, the strong dependence of looping on linker histone concentration suggests a hierarchical self-association mechanism of relaxed nucleosome zigzag chains rather than longitudinal compaction as seen in 30-nm fibers. Specifically, concentrations lower than one linker histone per nucleosome promote self-associations and formation of these looped networks of zigzag fibers. The combined experimental and modeling evidence for condensed metaphase chromatin as hierarchical loops and bundles of relaxed zigzag nucleosomal chains rather than randomly coiled threads or straight and stiff helical fibers reconciles aspects of other models for higher-order chromatin structure; it constitutes not only an efficient storage form for the genomic material, consistent with other genome-wide chromosome conformation studies that emphasize looping, but also a convenient organization for local DNA unraveling and genome access. chromatin higher-order structure | nucleosome | linker histone | mesoscale modeling | electron microscopy T he physical packaging of megabase pairs of genomic DNA stored as the chromatin fiber in eukaryotic cell nuclei has been one of the great challenges in biology (1). The limited resolution and disparate levels that can be studied by both experimental and modeling studies of chromatin, which exhibits multiple spatial and temporal scales par excellence, make it challenging to present an integrated structural view, from nucleosomes to chromosomes (2). Because all fundamental template-directed processes of DNA depend on chromatin architecture, advances in our understanding of chromatin higher-order organization are needed to help interpret numerous regulatory events from DNA damage repair to epigenetic control.
The architecture of higher-order chromatin in eukaryotic cell nuclei is largely unknown. Here, we use electron microscopy-assisted nucleosome interaction capture (EMANIC) cross-linking experiments in combination with mesoscale chromatin modeling of 96-nucleosome arrays to investigate the internal organization of condensed chromatin in interphase cell nuclei and metaphase chromosomes at nucleosomal resolution. The combined data suggest a novel hierarchical looping model for chromatin higher-order folding, similar to rope flaking used in mountain climbing and rappelling. Not only does such packing help to avoid tangling and self-crossing, it also facilitates rope unraveling. Hierarchical looping is characterized by an increased frequency of higher-order internucleosome contacts for metaphase chromosomes compared with chromatin fibers in vitro and interphase chromatin, with preservation of a dominant two-start zigzag organization associated with the 30-nm fiber. Moreover, the strong dependence of looping on linker histone concentration suggests a hierarchical self-association mechanism of relaxed nucleosome zigzag chains rather than longitudinal compaction as seen in 30-nm fibers. Specifically, concentrations lower than one linker histone per nucleosome promote self-associations and formation of these looped networks of zigzag fibers. The combined experimental and modeling evidence for condensed metaphase chromatin as hierarchical loops and bundles of relaxed zigzag nucleosomal chains rather than randomly coiled threads or straight and stiff helical fibers reconciles aspects of other models for higher-order chromatin structure; it constitutes not only an efficient storage form for the genomic material, consistent with other genome-wide chromosome conformation studies that emphasize looping, but also a convenient organization for local DNA unraveling and genome access. chromatin higher-order structure | nucleosome | linker histone | mesoscale modeling | electron microscopy T he physical packaging of megabase pairs of genomic DNA stored as the chromatin fiber in eukaryotic cell nuclei has been one of the great challenges in biology (1) . The limited resolution and disparate levels that can be studied by both experimental and modeling studies of chromatin, which exhibits multiple spatial and temporal scales par excellence, make it challenging to present an integrated structural view, from nucleosomes to chromosomes (2) . Because all fundamental template-directed processes of DNA depend on chromatin architecture, advances in our understanding of chromatin higher-order organization are needed to help interpret numerous regulatory events from DNA damage repair to epigenetic control.
At the primary structural level, the DNA makes ∼1.7 left-superhelical turns around eight core histones to form a nucleosome core. The nucleosome cores are connected by linker DNA to form nucleosome arrays. An X-ray crystal structure of the nucleosome core has been solved at atomic resolution (3), and a short, four-nucleosome array has also been solved (4) . Next, at the secondary structural level, the nucleosome arrays, aided by linker histones (H1 or H5), form a compact chromatin fiber with a diameter of ∼30 nm and longitudinal compaction of 5-7 nucleosomes per 11 nm (5-8).
However, evidence for 30-nm fibers in interphase nuclei of living cells has been controversial (reviewed in refs. 9 and 10). For example, whereas a distinct 30-nm fiber architecture is observed in terminally differentiated cells (11, 12) , neither continuous nor periodic 30-nm fibers are observed in the nuclei of proliferating cells (13) (14) (15) . However, zigzag features of the chromatin fibers are well supported by nucleosome interaction mapping in vitro (16) and in vivo (15) .
For chromatin architecture within metaphase chromosomes, fluorescence studies of mitotic chromosome condensation in vivo (17) , cryo-EM observations of unfixed and unstained chromosomes in situ (18) , and small-angle X-ray scattering (19) show no structures resembling folded 30-nm fibers and instead suggest random folding of soft polymers. Evidence is also accumulating that during chromosome condensation in mitosis, chromatin higher-order structure is dramatically altered at the global level (20) by significant increase in looping (21) . A random type of looping, however, cannot explain sharp chromosomal boundaries separating the translocated genomic regions in metaphase chromosomes (22) as well as formation of highly localized fibers of transgenic DNA, up to 250 nm in diameter, detected by fluorescence imaging in vivo (17) . In contrast, a hierarchical or layered looping could explain the above aspects of chromosome organization; in addition, it could help reconcile the experiments in living cells with in vitro data and determine which aspects of the secondary structure are retained in the metaphase chromosome and how these features correlate with the polymer melt model (18, 23) .
Here we apply the EM-assisted nucleosome interaction capture (EMANIC) technique, which captures nearest-neighbor Significance Though the two-start zigzag geometry of a nucleosome chain is dominant in chromatin fibers in vitro, it remains unknown whether it is preserved in living cells. Our combined nucleosome interaction capture technique and mesoscale modeling reveal that the zigzag motif is persistent in interphase and metaphase chromatin. For metaphase chromosomes, we observe a striking increase in occurrence of long-range internucleosome interactions, inconsistent with hierarchical coiling or a liquid melt. Instead, the data point to a new mechanism for higher-order folding, via hierarchical looping, similar to rope flaking used in mountaineering. This mechanism brings together distant DNA elements in a manner that can be controlled by linker histones and histone modifications. Implications for genomic accessibility and epigenetic functions naturally arise.
interactions in combination with mesoscale modeling of chromatin fibers (16) to deduce chromatin architecture in interphase nuclei and metaphase chromosomes. Our results reveal persistence of the zigzag geometry as a dominant architectural motif in these types of chromatin. For metaphase chromosomes, we report a dramatic increase in longer-range interactions, consistent with intrafiber looping, quite different from that seen in compact chromatin fibers in vitro and interphase chromatin in vivo. Modeling also shows hierarchical looping for long fibers, with the loop occurrence strongly modulated by the density of linker histones. Such looping of loosely folded zigzag arrays appears to be an efficient mechanism for both condensing and unraveling the genomic material. Our hierarchical looping mechanism can also explain how distant regulatory DNA sites can be brought together naturally for genic interactions and how linker histone levels and epigenetic histone modifications can further modulate global and local chromatin architecture.
Results
Chromatin Cross-Linking and EM Detect Internucleosomal Interactions in Situ. Our in situ EMANIC procedure starts with cross-linking living cells with formaldehyde, followed by fragmentation of the nuclear chromatin by micrococcal nuclease, isolation and unfolding of chromatin fragments, and scoring nearest-neighbor nucleosome interactions by transmission EM (Fig. 1A) . We first used homogeneous populations of HeLa cells either in interphase or metaphase (Fig. S1 A-C) to establish an optimal extent of formaldehyde cross-linking in situ that allows chromatin isolation for EM. We observed that cross-linking with up to 0.5% formaldehyde does not inhibit the release of soluble chromatin (Figs. S1 and S2). With more than 0.8% formaldehyde, we observed a significant decrease in solubility and therefore used conditions that released >50% soluble chromatin.
Nuclease fragmentation and isolation of native chromatin fibers results in nucleosome chains coated with nonhistone "husks" (24) that obscure transmission electron microscopy imaging (Fig. 1D) . The molecular composition of these husks is not defined, though it had been argued that insoluble nuclear proteins dominate chromatin cross-linking by formaldehyde in situ (25) . To facilitate direct imaging of internucleosomal interactions in this chromatin, we introduced a mild trypsin treatment to digest the linker histone with minimal effect on the core histones (Fig. 1B) . This procedure opens nucleosome arrays for EM analysis (Fig.  1E) , while the residual DNA-depleted protein husks sediment to the bottom (fraction P in intact chromatin in Fig. 1C ). Fig. 2 shows typical EM images of cross-linked arrays. We record several thousand nucleosomes with nucleosome loop sizes up to 22 nucleosomes ( Fig. S3 A-C; see also EMANIC dataset image files). EMANIC scoring of EM data from uncross-linked control cells and cells cross-linked with 0.3% and 1% formaldehyde reveal significant differences between the cross-linked HeLa and control arrays. Fig.  3A and Fig. S3 B and C show the relative abundance of cases where two consecutive nucleosomes are cross-linked (i ± 1), cases involving loops of one or more nucleosomes between the cross-linked pair (loops), cases where two nucleosomal arrays are cross-linked in trans (trans), and a low number of nonassigned or obscured contacts (N/A). Strikingly, between the control and 1% formaldehyde crosslinking, the extent of the i ± 1 interaction decreased approximately threefold, P < 5 × 10
, and combined loops increased ∼2.5-fold, P < 5 × 10 −8 ( Fig. 3A) , which suggests that most of the i ± 1 interactions seen in uncross-linked control chromatin originate from spontaneous sliding and formation of nucleosome dimers during isolation. Indeed, a comparison of the noncross-linked HeLa chromatin with 188-bp nucleosome arrays reconstituted from clone 601 DNA that preserve the nucleosome positioning with a single nucleotide resolution (16) shows a remarkably similar spontaneous nucleosome interactions for all types of interactions besides i ± 1 (Fig. S2F ). For individual interactions, the most significant change between cross-linked and control chromatin (P < 5 × 10
) is observed for i ± 2 with no significant interactions above i ± 5 (Fig. 3A) . We thus conclude that the two-start zigzag geometry is preserved in nuclear chromatin of interphase proliferating cells despite the absence of visible 30-nm fibers.
Nucleosome Interactions in Metaphase Chromosomes Reveal Hierarchical
Looping. We obtained mitotic cells by blocking proliferating HeLa cells with colcemid or nocodazole, yielding more than 98% in metaphase ( Fig. S1 B and C). Cross-linking of metaphase cells with ≥0.5% formaldehyde had a stronger inhibiting effect on chromatin solubility compared with interphase (Fig. S2C ). The resulting crosslinked metaphase chromatin fragments reveal many multiloop arrangements (Fig. 2, 19-23 ), strikingly different from the shorter single loops in interphase chromatin (Fig. 2, 7-12 ). Scoring multiple EM datasets from control, noncross-linked metaphase cells, and metaphase cells cross-linked with 0.15% and 0.3% formaldehyde reveal a highly significant decrease in interactions at i ± 1 and increase for i ± 2 (Fig. 3B) , similar to those observed with interphase chromatin (Fig. 3A) . Cross-linking after a nocodazole block yields a loop size distribution very similar to that observed with colcemid ( Fig. S2 D and E) . However, metaphase chromatin exhibits a strong increase in long-range interactions (i ± >7) compared with interphase chromatin (Fig. 3 A and B) , suggesting extensive tertiary interactions. This difference is even stronger when the baseline interactions in the control chromatin are subtracted from the total counts (Fig. S3F) . Most remarkably, the metaphase chromatin exhibits strong increase of interactions with cumulative loops that yield, e.g., a higher proportion of i ± >9 to i ± >12 loops compared with interphase chromatin (Fig. 3C) .
Because the probability of loop detection could be affected by the total length of the nucleosome fragment, we calculated a correction coefficient to account for loop size (SI Materials and Methods). This analysis (Fig. S3 G-I) confirms that a significant difference (P < 0.001) in internucleosomal interaction occurs among a wide range of cumulative loops, i ± ≥5 to i ± ≥13. Thus, EMANIC studies of condensed metaphase chromosomes show a consistent increase in long-range loops and folds of the chromatin fiber at the higher hierarchical level (tertiary structure) without significant alteration of the lower nucleosome chain folding level (secondary structure).
Nucleosome Interactions in Chicken Erythrocyte Nuclei and Reconstituted
Nucleosome Arrays Are Consistent with Zigzag Fibers. In addition to HeLa cells, we examined nucleated chicken erythrocytes (CE) as a model cell type with confirmed chromatin 30-nm fibers in situ (12) . Because cross-linking of whole CE cells inhibited chromatin solubilization, thus precluding EMANIC, we used isolated CE nuclei with fully condensed chromatin and established an optimal extent of formaldehyde (0.1%) for their cross-linking in situ (Fig. S4) .
EMANIC experiments with the nuclear and soluble CE chromatin ( Fig. 3D and Fig. S5) show predominantly short-range interactions (i ± 1 and i ± 2). As with interphase HeLa cells, the i ± 1 interactions are significantly weaker in situ than in the noncrosslinked CE control. In contrast with HeLa chromatin that shows significant increases above control for i ± 3, i ± 4, and i ± 6, in addition to i ± 2, CE show no increase for any interaction above i ± 2 ( Fig. 3 A and D) . These findings support the predominance of a simple, solely two-start zigzag geometry in nuclear CE chromatin, consistent with previous observations (11, 12) .
To determine whether there is a fundamental agreement in the patterns of nucleosome interactions between the in vitro and in situ structures, we compared in situ EMANIC data with results obtained from reconstituted nucleosome arrays. First, we took previous data obtained for 24-unit, 207 -bp nucleosome repeat length (NRL) nucleosome core arrays reconstituted with linker histone to mimic CE chromatin. These 207 × 24 arrays were condensed by either 150 mM NaCl or 1 mM MgCl 2 as done previously (16) . Compared with the nuclear CE chromatin, the pattern of in situ cross-linking is similar to that of Na + -condensed 207 × 24 arrays, with more than twofold lower i ± 1 interactions than in the most compact Mg 2+ -condensed arrays (Fig. S5C) . Thus, the majority of nuclear CE chromatin is consistent with a less-condensed form of the 30-nm fiber formed with monovalent cations rather than that achieved in the presence of divalent cations (16, 26) .
Next, we reconstituted and analyzed 12-unit and 22-unit arrays of strongly positioned nucleosomes (27) with NRL of 188 bp close to that of HeLa cells (28) . The arrays were reassociated with increasing levels of linker histone H1 resulting in efficient compaction as seen by EM (Fig. S6) . To reaffirm our in situ EMANIC experiments, we slightly digested the cross-linked 188 × 22 nucleosomes with trypsin to digest histone H1 while preserving core histones (Fig. S6C ). In agreement with overall compaction, EMANIC shows a significant increase in i ± 2 interactions promoted by either 0.5 or one molecule of histone H1 (Fig. 3E) . The 12 × 188 arrays condensed with one molecule of H1 per nucleosome also show a higher proportion of interactions at i ± 2 and a lesser proportion at i ± >7 than Mg 2+ -compacted arrays (Fig. S6) . Strikingly, the arrays with 0.5 molecules of H1 per nucleosome show a dramatically higher proportion of nucleosome interactions in loops i ± >7 than fibers with one molecule of LH per nucleosome (Fig. 3E and Fig. S6 ), thus resembling the interaction pattern observed with metaphase chromosomes. Clearly, LH at the substoichiometric levels can promote interactions between distant nucleosomes more efficiently than in arrays with one molecule of LH per nucleosome or arrays lacking LH.
Mesoscale Modeling Reveals Hierarchically Folded Loops in Chromatin
Fibers. Mesoscale chromatin modeling can assess fiber configurations to analyze histone tail-mediated interactions and overall internucleosomal interactions (16, 29) . Here we extend our chromatin (28)] with or without linker histone (LH); we also consider fully saturated LH (one LH per nucleosome) and half-saturated LH (one LH per two nucleosomes). As shown in Fig. 4 , we observe hierarchical looping, with a significant proportion of zigzag motifs, leading to enhanced long-range internucleosomal interactions. The looped configurations are mediated by core histone tails (analyzed as described in SI Materials and Methods and Figs. S7 and S8). Computed interaction frequency contact maps, which quantitatively describe the distribution of all internucleosome interactions, show that the -LH, NRL = 191 bp fiber exhibits several folds, including one partial hairpin-type fold, and another wide loop, which is then folded (in 3D space) to efficiently compact with the previously mentioned hairpin. The resulting contact map shows not only local interactions evident in canonical zigzag topologies (i ± 2 dominant) close to the diagonal, but also straight lines perpendicular to the diagonal, indicative of hairpins. Hierarchical folds, or the contact of 2-3 separate loops colored in green, correspond to higher-order folds and regions parallel to the diagonal, shown in blue in the contact matrices (Fig. 4B) .
Folding of the 191-bp HeLa-like chromatin fibers was also simulated in the presence of linker histone (Fig. 4 D-F) . Significantly, the experimental difference found for interphase and metaphase HeLa chromatin-namely, reduced long-range contacts for the former and enhanced higher-order interactions (i ± >7) for the latter (Fig. 3 A and B) , is reproduced for our 96-unit core array system without and with linker histone-containing 150 mM Na + fibers, respectively (Fig. 4 B and E) . Linker histone H1 is nonessential for metaphase chromosome condensation (30) and the majority of proliferating cells contain different substoichiometric levels of linker histone (31) . Therefore, folding of the 191-and 209-bp chromatin fibers was also simulated in the presence of stoichiometric (one LH per nucleosome) and substoichiometric (one LH per two nucleosomes) linker histone. A clear trend emerges from our models with different levels of LH (Fig. 5) . For both 191-bp NRL arrays and 209-bp NRL arrays, welldefined 30-nm zigzag fibers are obtained, in agreement with wellrecognized compaction of fibers due to LH-induced stem formation, which stabilizes zigzag structures (32, 33) , but both 1 / 2 LH structures are more flexible and looped compared with the fiber with saturated linker histones. Interestingly, though the fiber with shorter linker DNA has a relaxed zigzag structure with many i ± 1 and i ± 3 interactions, the longer-linker fiber exhibits a stronger content of zigzag motifs, in addition to long-range interactions ( Fig. 5 A and B) . Computed interaction frequency patterns show that -LH fibers have the closest correspondence to the metaphase chromatin, whereas 1 / 2 LH fibers fit the interaction pattern observed in interphase cells (Fig. 5 C and D, green curves) . Thus, the enhanced propensity for distant nucleosome interactions observed in condensed metaphase chromatin by EMANIC is consistent with the model-predicted intrinsic hierarchical looping of the nucleosome core array that is restricted by association with linker histone in both the experimental and the modeling systems.
Discussion
Our combined experiments and modeling of chromatin higher-order structures have presented, to our knowledge for the first time, the path and interactions of the nucleosome chain in interphase cells and metaphase chromosomes. Our results suggest a new hierarchical looping model for condensed chromatin. Such looping, also termed flaking in connection with folding ropes without tangling and self-crossing, as for mountain climbing and rappelling, appears to be an efficient mechanism for both condensing and accessing the genomic material; it also reconciles observations of sharp boundaries between chromosomal segments with experiments showing no distinct chromatin fibers, interpreted as a polymer melt.
Previously, strong evidence for the zigzag nucleosome arrangement was provided by cryo-EM and tomographic studies in situ for differentiated cells with distinct 30-to 40-nm fibers (11, 12) . However, such fibers were inexplicably absent from interphase chromatin and metaphase chromosomes of proliferating cells (13, 17, 19) . Our data clearly show that the zigzag geometry is dominant in both the interphase and metaphase HeLa cells as well as terminally differentiated CE cells, suggesting a common nucleosome chain folding mode for all three cell types (Fig. 6) . The absence of distinct 30-nm signals in proliferating cells can be explained by the open and irregular nucleosome array, lacking a uniform diameter (Fig. 6 , Center and Right). Recent genome-wide in situ probing of shortrange internucleosomal interactions in yeast nuclei is also consistent with a zigzag organization without a regular helical or repeated structure (15) .
Our chromatin fiber models with different levels of linker histone (Fig. 5 ) also show internucleosome interactions and folds in line with previous simulated and experimental trends (16, 32, 34) . The fibers with reduced densities of linker histone are significantly more flexible than other fibers, in good agreement with recent observations regarding the absence of distinct 30-nm fibers in cycling cells (13, 17, 19) . This type of fiber best represents the interphase chromatin (Fig.  6, Center) . Our results are robust in the sense that common types of folding motifs for LH-depleted systems are consistently observed across various linker lengths and associated ensembles. Additionally, fibers with NRL = 209 bp and saturated linker histone (one molecule per nucleosome) fit well with terminally differentiated cells (Fig. 6, Left) , which are known to contain distinct 30-nm fibers (12) . Thus, our models can unify the views for the internal structure of both condensed chromatin fibers in differentiated cells and uncondensed interphase chromatin in proliferating cells.
The striking increase in intermediate-range interactions (i ± >7) for metaphase chromosomes (Figs. 2 and 3 ) is consistent with increased looping and flaking of nucleosome arrays during their tight condensation (Fig. 6 ). Our models of long chromatin fibers without linker histones (-LH) exhibit significant folding for both DNA linker lengths, and the resulting internucleosome interaction plots show excellent agreement with experiment in metaphase HeLa cells (Fig. 5  A-C) . Specifically, fibers with reduced LH exhibit hierarchical looping (tertiary structures seen on Figs. 4 A-C and 6, Right), which, together with EMANIC, provide the best fit for metaphase chromosomes (Fig. 6, Right) . The previously unseen ability of chromatin on this scale to maintain local geometric constraints (native i ± 2 interactions) while exhibiting flexible, higher-order folding is significant. These findings, in line with recent experimental data (15) , provide an exciting interpretation of DNA structural compaction not yet observed at these scales (<20 kbp). Such hierarchical looping explains how linker histone modulates condensed fiber formation as well as unraveling, and underscores the role of linker histone variations in gene activation/silencing (35) , cell differentiation (36) , and communication between distant gene control elements (34) . The proposed hierarchical looping motif is also consistent with ∼250-nm folding subunits in metaphase chromosomes (17) .
Full compaction of the 30-nm fiber in vitro is achieved in most experimental systems by the binding of approximately one LH per nucleosome (5, 8, 26) . However, LH is present at various lower levels in proliferating cells (31) and is not required for metaphase chromatin condensation (30, 37) . The above-cited studies are consistent with our finding that the pattern of internucleosomal interactions in metaphase chromosomes is typical of chromatin without LHs (Fig. 5C ). Linker histone H1 becomes extensively phosphorylated during mitosis, and the phosphorylated form has a reduced affinity to metaphase chromosomes (38) . Furthermore, inhibition of histone H1 phosphorylation in metaphase-blocked cells was associated with chromosome decondensation (39) . To account for these findings, we propose that phosphorylation of histone H1 at the metaphase stage promotes nucleosome chain flexibility and looping, leading ultimately to chromosome condensation. Importantly, our recent mesoscale modeling with flexible LH tails showed that a reduction of the net positive charge on the histone H1 C-terminal tail led to asymmetric binding with nucleosomes, reduced association with DNA linkers, and enhanced long-range interactions (33) .
In interphase nuclei, genome-wide chromosome conformation capture studies reveal long-distance chromatin interactions ranging from a dozen kilobases to several megabases of DNA in conserved topologically associating domains (TADs) (40, 41) that reflect structural organization of the genome (1). In contrast, similar studies in metaphase chromosomes suggest a homogeneous state described by chromatin loops compressed along the chromosomal axis with diminished TADs and other genomic interactions (20) . Our model reconciles both observations by showing that the transition between the open chromatin loops in interphase chromatin and hierarchical looping in metaphase chromosomes (Fig. 6 ) obscures genomic interactions seen in interphase chromatin (21) due to formation of new long-range chromosomal contacts.
The type of interactions at the range of <20 kb of DNA revealed by our EM-assisted nucleosome capture experiments and modeling suggest a global nucleosome array condensation mechanism: in mitosis, the loop size would be modulated by factors promoting frequency of loop formation along the chromosome axis such as condensin (30, 37) as well as chromatin fiber flexibility and interdigitation such as decreased linker histone affinity (38) , metaphase-specific histone modifications (42) , and increased divalent cation association (43) . Further experimental and modeling studies of nucleosome interactions using high-resolution multiscale computational approaches (2, 44) are essential for connecting chromatin's structural and epigenetic states.
Materials and Methods
Cells. HeLa cells were grown to ∼90% confluence and gently washed by pipetting to detach the mitotic cells. To block mitosis in metaphase, cells were incubated with 0.1 μg/mL colcemid (Gibco 15210-040) or 0.4 μg/mL nocodazole (Sigma M1404) for 16 h, and cell layers were gently washed by pipetting. The detached cells (>98% in metaphases) were collected by centrifugation for 3 min at 1,000 × g. Fresh chicken whole blood was obtained from Bell and Evans, and CEs were isolated as in ref. 27 . HeLa S3 cells (ATCC no. CCL-2.2) were grown at +37°C and 5% CO 2 in RPMI medium 1640 (Invitrogen) and 10% FBS (HyClone SH30071.03).
Chromatin Cross-Linking by Formaldehyde. In vitro formaldehyde fixation of reconstituted oligonucleosome arrays was conducted as in ref. 16 . For in situ EMANIC, the attached interphase HeLa cells were washed twice with PBS and cross-linked for 10 min at room temperature with 0.1-1% formaldehyde in PBS while still attached to the culture dishes. Detached mitotic HeLa cells were spun down for 3 min at 1,000 × g, washed twice with PBS, and crosslinked for 10 min at room temperature with 0.1-1% formaldehyde in PBS in suspension. Cross-linking was stopped by adding 125 mM glycine and rapidly Fig. 6 . A three-state model of chromatin higher-order folding in proliferating and differentiated cells. Schematic drawing of nucleosome chain folding in living cells (Upper) and mesoscale chromatin models (Lower) suggest that increased linker histone association in the terminally differentiated state would stabilize compact and distinct 30-nm zigzag fibers (Left). In the proliferating (cycling) interphase state, the nucleosome chains are folded in loose zigzag-chain loops (Center). In the metaphase state, a reduction of linker histone binding would promote lateral associations between the nucleosome-chain loops to produce proximal loops that stack over each other, folding hierarchically at various angular orientations (Right). Linker histones are shown in turquoise.
cooling on ice. Chromatin was isolated and unfolded for imaging by transmission EM as described in SI Materials and Methods.
EMANIC. For transmission electron microscopy of the partially cross-linked nucleosome arrays, we used positive staining with uranyl acetate and darkfield mode imaging that was modified for EMANIC by optimizing the thickness of the carbon coating, mesh size of EM grids, stain concentrations, and grid treatments and washing regimens. EMANIC analysis of in vitro and in situ cross-linked arrays was conducted essentially as described (16) . EMANIC data are presented by two types of bar charts: as a fraction of total nucleosomes (cross-linked and free) convenient to relate the efficiencies of crosslinking in different samples and as fraction of combined interactions (i ± 1 to i ± 24) convenient to relate to model predictions and compare samples with different size distributions (SI Materials and Methods).
